The activity of the Alzheimer's amyloid ␤-peptide is a sensitive function of the peptide's sequence. Increased fibril elongation rate of the E22Q Dutch mutant of the Alzheimer's amyloid ␤-peptide relative to that of the wild-type peptide has been observed. The increased activity has been attributed to a larger propensity for the formation of ␤ structure in the monomeric E22Q mutant peptide in solution relative to the WT peptide. That hypothesis is tested using four nanosecond timescale simulations of the WT and Dutch mutant forms of the A␤(10-35)-peptide in aqueous solution. The simulation results indicate that the propensity for formation of ␤-structure is no greater in the E22Q mutant peptide than in the WT peptide. A significant measure of "flickering" of helical structure in the central hydrophobic cluster region of both the WT and mutant peptides is observed. The simulation results argue against the hypothesis that the Dutch mutation leads to a higher probability of formation of ␤-structure in the monomeric peptide in aqueous solution. We propose that the greater stability of the solvated WT peptide relative to the E22Q mutant peptide leads to decreased fibril elongation rate in the former. Stability difference is due to the differing charge state of the two peptides. The other proposal leads to the prediction that the fibril elongation rates for the WT and the mutant E22Q should be similar under acid conditions. Keywords: A␤-peptide; amyloid; molecular dynamics simulation; amyloidosis; aggregation; E22Q Dutch mutant peptide; conformational analysis; hydration A growing number of experimental studies of the structure of solvated Alzheimer's ␤-amyloid (A␤) peptide and fibrils (Lee et al. 1995; Esler et al. 1996; Zhang et al. 1998 Zhang et al. , 2000 and the activity of the A␤-peptide in the process of fibril growth (Lomakin et al. 1996; Walsh et al. 1997 Walsh et al. , 1999 Esler et al. 2000a ) are beginning to define the outlines of a mechanism of amyloid fibrillogenesis (Teplow 1998; Lansbury 1999) and fibril elongation Esler et al. 2000a,b; Massi and Straub 2000a). An important goal of research on A␤-peptide aggregation is to understand the role of sequence in the peptide's activity (Wisniewski et al. 1991; Fraser et al. 1992; Davis and Van Nostrand 1996; Watson et al. 1999; Esler et al. 2000a 
A growing number of experimental studies of the structure of solvated Alzheimer's ␤-amyloid (A␤) peptide and fibrils (Lee et al. 1995; Esler et al. 1996; Zhang et al. 1998 Zhang et al. , 2000 and the activity of the A␤-peptide in the process of fibril growth (Lomakin et al. 1996; Walsh et al. 1997 Walsh et al. , 1999 Esler et al. 2000a ) are beginning to define the outlines of a mechanism of amyloid fibrillogenesis (Teplow 1998; Lansbury 1999 ) and fibril elongation Esler et al. 2000a,b; Massi and Straub 2000a ). An important goal of research on A␤-peptide aggregation is to understand the role of sequence in the peptide's activity (Wisniewski et al. 1991; Fraser et al. 1992; Davis and Van Nostrand 1996; Watson et al. 1999; Esler et al. 2000a ). Two particular naturally occurring mutant forms of the wild-type A␤-peptide, the E22Q Dutch mutant and the E22K Italian mutant, have been the focus of recent structural and activity studies (Melchor et al. 2000; Miravalle et al. 2000) .
It is well established that the E22Q peptide shows enhanced activity (as measured by the rate of deposition or fibril elongation) relative to the WT peptide for both the 1-42 A␤-peptide and the A␤(10-35)-peptide congener. For the A␤(10-35)-peptide congener, the E22Q mutant form of the peptide was found to deposit at a rate 215% faster than the WT peptide (Esler et al. 2000a) . In a study of Austen and coworkers (Sian et al. 2000) , it was found that A␤(1-40)E22Q-peptide formed oligomers and fibrils more rapidly than the WT peptide. Using CD spectroscopy, they observed that the rate of change from mainly random coil to ␤-sheet was more than one order of magnitude higher in the E22Q mutant than in the WT. It was also determined that the rates of conversion from random coil to ␤-sheet in the WT and E22Q mutant peptides, derived from CD measurements, were an order of magnitude lower than the rate of formation of low-molecular-mass oligomers. It was suggested that the A␤-peptide aggregates in an irregular structure and then undergoes a slower conformational transition into larger aggregates of ␤-sheets.
It has been proposed that the E22Q peptide has a propensity for the formation of ␤-structure in solution. A study by Selkoe and coworkers explored the binding of heparin to solutions of WT and E22Q mutant A␤-peptide. Heparin binds to fibrillar, but not to nonfibrillar, A␤-peptide. It was found that the E22Q mutant peptide assumed conformations to which heparin would bind more readily than did the WT peptide and that the affinity of heparin binding to the E22Q mutant peptide was similar to the affinity for binding of heparin to preformed ␤-fibrils. The results led to the conclusion that the water-aggregated E22Q mutant peptide adopted structures similar to those found in certain ␤-fibrils (Watson et al. 1997) .
Through CD and FTIR measurements, Miravalle et al. (2000) found that whereas the WT and the E22K mutant peptide were largely in the random-coil conformation in solution, the E22Q peptide assumed a ␤-sheet conformation. The study explored the time dependence of peptide aggregation by CD and showed that for their sample preparations, the WT, E22K, and E22Q peptide converted to ␤-structure over a period of hours. Whereas CD spectra of the WT and E22K mutant peptide samples indicated that at the earliest times the peptide was in a random-coil conformation, the E22Q peptide sample showed clear signs of ␤-structure. However, the results in the case of the E22Q mutant peptide could be due to the presence of peptide aggregates from the earliest stages of the CD measurements.
This brief survey of recent experimental results raises two fundamental questions. In the monomeric A␤-peptide, is there local "flickering" of conformations consistent with the larger scale formation of ␤-structure? Does the E22Q mutation lead to a greater propensity for the formation of ␤-structure in the monomeric peptide? In this computational study, we explore the hypothesis that the E22Q mutation leads to a monomeric peptide that has a higher propensity for conformational fluctuation to an "activated" ␤-form of the peptide. Because we are simulating only isolated monomers we cannot rule out the possibility that interactions drive the chains to adopt ␤-strand conformations or substantially increase ␤-flickering. Such interaction-driven conformational changes have been probed in prion assembly (Harrison et al. 2001; Dima and Thirumalai 2002) . However, just as the propensities of amino acids to adopt specific conformations are useful in predicting secondary structures, we believe that the present simulations are instructive in ruling out a plausible hypothesis.
Results
Molecular dynamics simulations of the fully solvated WT ␤(10-35)-NH 2 peptide and the E22Q mutant peptide were performed. It has been proposed that the difference in activity observed for the WT and E22Q mutant peptides can be attributed to a larger propensity for the formation of ␤ structure in the monomeric E22Q mutant peptide in solution relative to the WT peptide (Watson et al. 1997; Miravalle et al. 2000) . To test this hypothesis, we have carried out an analysis of the local flickering of peptide backbone structure and side-chain contacts that are consistent with the formation of extended ␣ or ␤ structure in the peptide using the URMS analysis. A comparison between the conformational energy calculated during the MD simulation for the all-atom model and for a course-grained model is also presented.
Flickering of local ␣ structure seen in LVFFA hydrophobic cluster and C terminus of WT and E22Q peptides
The structural fluctuations of the peptide were analyzed for the presence of flickering of ␣-like and ␤-like structure using local templates involving four C ␣ positions. The results of the URMS analysis are shown in Figure 1 . In the trajectories of both the WT and E22Q mutant peptide, there is substantial flickering of ␣ structure in the LVFFA (17-21) hydrophobic cluster region. Some flickering of ␣-helical structure is also apparent in the AIIGL (30-34) region of the peptide's C terminus. Barrow and colleagues (1992) have shown that the NMRderived structure of the A␤(1-42)-peptide, solvated in the membrane-like environment of a trifluoroethanol and water solution, consists of two short ␣-helices extending from 10-24, and that includes the LVFFA region, and C-terminal regions 28-42 of the peptide. Lee and coworkers have shown that for the NMR derived structure of the A␤(10-35)-peptide in aqueous solution, there is no recognizable region of distinct ␣-helical structure (Zhang et al. 2000) . Our analysis of the peptide's dynamics in aqueous solution indicates that one can determine the flickering of the underlying ␣-helical structure of the peptide. Such conformational fluctuations are apparently destabilized in aqueous solution but stabilized in the strongly hydrophobic membrane-like environments, in which the low polarity of the solvent leads to a strong enthalpic stabilization of the hydrogen bonds in regions that form ␣-helix.
No significant difference in ␤-flickering seen in WT and E22Q peptides
It can be clearly noted that in both the WT and E22Q peptide trajectories there is noticeable local formation of backbone structure consistent with the flickering ␤-structure. No significant flickering of extended regions of ␤-structure is observed in the dynamics of either the WT or E22Q mutant peptides.
The relative measure of ␤-flickering is quite similar in both the WT and E22Q mutant peptides. Our results indicate that on the nanosecond timescale, there is no larger propensity for the formation of local or global ␤-structure in the E22Q mutant peptide than in the WT peptide. Therefore, we find no support for the proposal that the E22Q mutant is prone to form significant ␤-structure as a monomeric peptide in solution.
Fluctuations to the ␤ structure are essential for the aggregative activity of the A␤-peptide. It is well known that the structure of the A␤-peptide fibril is composed of either parallel and/or antiparallel ␤-strands that form an overall cross ␤ structure in the fibril. As a result, many studies have focused on an analysis of the propensity of transition to ␤-sheet structure in the monomeric peptide. Our results indicate that there are only minor fluctuations of ␤-strand structure in the A␤-peptide dynamics in aqueous solution. That conclusion is in agreement with the NMR-derived structure and analysis of Lee and coworkers (Lee et al. 1995; Zhang et al. 2000) .
␣-Flickering predominates over ␤-flickering
The analysis of the backbone secondary structure was performed for the coarse-grained mapping of the all-atom Fig. 1 . The result of the URMS analysis of the WT and E22Q mutant trajectory simulations are plotted. In the uppermost figures, the propensity for ␣-helical structural fluctuations is shown where red indicates strong ␣-like character, for the WT and E22Q mutant trajectories, respectively. In the lowermost figures, the propensity for ␤-sheet structure is shown where blue indicates strong ␤-like character, for the WT and E22Q mutant trajectories, respectively. model trajectories, as described in Materials and Methods. The results for the torsional analysis are shown in Figure 2 . Over the trajectories of the WT and E22Q mutant peptides, we computed <n H >, the average number of torsional angles adopting helical conformations, and <n S >, the average number of residues adopting strand conformations.
For the WT peptide, the value of <n H > varied between 4 and 7, whereas the value of <n S > was ∼2. The ratio of <n H >/<n S > varied from 1.9 to 4.2 for all trajectories, indicating a significantly higher ratio of helical conformations.
For the E22Q mutant peptide, the value of <n H > varied between 4.9 and 8.2, whereas the value of <n S > varied from 0.8 to 2.5. The ratio of <n H >/<n S > had an average value of 5.2 for the E22Q mutant peptide, compared with an average of 3.3 for the WT peptide. As in the WT peptide, there is a significantly greater degree of ␣-helical flickering as opposed to ␤-strand flickering. These results are consistent with the results of the URMS analysis.
These results are consistent with the evaluation of the contact order (<s>), see Materials and Methods, which was found to be 0.26 for both WT and E22Q mutant peptides. For ␤-sheet proteins the contact order is typically found to be larger than 0.3. This further supports the observation that there is a lack of stable ␤-structure in our simulations of the WT and mutant peptides.
Stabilization of the collapsed-coil structure through plurality of side-chain contacts and hydrogen bonds
Considerable insight can be provided by a contact analysis in both analyzing all-atom model trajectories and in the parameterization of coarse-grained peptide models. Several conclusions may be drawn from our analysis.
The contact analysis led to the identification of a subset of side-chain contacts that were observed to occur with high probability P q > 0.5 in the course of our simulations. The fact that the sets of contacts are not identical for all trajectories indicates that, as can be expected, the conformation of the peptide are not sampled ergodically over any given trajectory. However, the results do provide insight into the variety of side-chain interactions that play a role in stabilizing the peptide's structure in solution.
The results of our analysis are shown in Figure 3 . A number of general features can be observed. No direct sidechain interactions are found between LVFFA (17-21) and VGS (24-26) regions. Any coupling between these regions may be due to other interactions, such as a hydrogen-bond network. In addition to hydrophobic-hydrophobic sidechain pairs (numbering 8 in the WT peptide and 8 in the E22Q mutant peptide) there are polar-polar pairs (numbering 6 in the WT and 7 in the E22Q mutant peptides). However, the majority of side-chain contacts are formed between hydrophobic-polar side-chain pairs (numbering 18 in the WT and 14 in the E22Q mutant peptides).
The connectivity that is displayed shows that there is a significant number of side-chain contacts that are formed across the VGSN turn in trajectories of both the WT and E22Q mutant peptide. There is also a common side-chain contact between the V18 and A21 residues that is found repeatedly in the trajectories of the WT and E22Q mutant peptides.
Longer range contacts are also found between residues. For example, in the simulations of the WT peptide, there are side-chain contacts formed between residues of the C-terminal region and residues within the central cluster region. Overall, the average sequence separation between contacts, <|i − j|> is 7.2 in the WT peptide and 6.6 in the E22Q mutant peptide. The distribution of contacts is slightly skewed in the WT peptide toward intermediate range (7-11) contacts, whereas the E22Q mutant peptide has a higher probability of short-(3-6) and long-(12-15) range contacts.
Peptide energetics
The energy of each configuration was calculated for the course-grained model, as described in Materials and Methods. To compare this result with the energy of the all-atom model we considered only nonbonding side chain-side chain interactions. The distribution of the energies for all four trajectories of the WT and the Dutch-mutant peptides are shown in Figure 4 . Gaussian functions were used to fit these energy distributions. To allow for a better comparison of the two models, the energy values have been normalized by the number of degrees of freedom of the respective systems. The potential energy of the all-atom model is very sensitive to conformational changes, resulting in broader distributions than those obtained for the course-grained model. The energy of the peptide calculated in the coursegrained model is very similar in behavior, as a function of time, for the two peptides. The distributions are very narrow and the fluctuations in time are similar for all the trajectories, showing that this model is less sensitive to conformational changes in the peptide, which are likely "averaged over" when the peptide side chains are represented by beads placed in the relative centers of mass.
Discussion
Based on our simulations and the following simple arguments we propose that the stability of the A␤-peptides in the monomeric state may determine the deposition rates. The relative stabilities of E22Q and WT may be estimated using naive arguments based on the effective charge on these peptides. Because the hydrophobic content in both the peptides is the same, we assume that the intrinsic stabilities are determined by electrostatic interactions. The effective "␤-flickering" in the Alzheimer's A␤ peptide charge (in units of e) on the WT and E22Q is −1 and 0, respectively. Assuming that the peptide is compact in water the radius of gyration R g ≈ aN 1/3 where a ‫ס‬ 3.8 Å is the distance between covalently linked C ␣ atoms and N is the number of residues in the peptide. For the peptides considered here we find that R g ≈ 12 Å. Based on the charge of the WT, we expect this peptide to be unstable with respect to E22Q by ∼1 kcal/mole. However, the presence of the charge enables the WT to be better solvated in water so that the hydration effect can compensate for the electrostatic destabilization. The larger stability of WT over E22Q in water makes conformational fluctuations in the former to be relatively slow. Thus, we propose that it is the ease of structural rearrangement to aggregation-prone states, rather than any intrinsic propensity to form ␤-structures, that is responsible for enhanced rate of amyloid formation in E22Q.
The above arguments allow us to make additional predictions. (1) Because the stability in this class of peptides is determined by a balance of hydration effects and electrostatic interactions, we predict that the fibril elongation kinetics will be affected by pH and ionic strength. It is likely that the rates of deposition in these peptides would become comparable at higher pH. (2) The deposition rates will also be altered in different solvents (for example, trifluroethanol or mixtures of solvents), which can alter the balance of interactions. (3) We predict that there should not be a significant difference in the elongation rates of WT and E22K under acidic conditions.
Summary and conclusions
A number of independent, all-atom molecular dynamics simulations of the WT and E22Q mutant A␤(10-35)-peptides in aqueous solution were computed. The structure and fluctuations of the peptide were analyzed to address two fundamental questions related to the activity of the A␤-peptide. In the monomeric A␤-peptide, is there noticeable local flickering of conformations consistent with the larger scale formation of ␤-structure? Does the E22Q mutation lead to a greater propensity for the formation of ␤-structure in the monomeric peptide? From the results of our simulations, a number of conclusions can be drawn. (1) Our simulation data indicate that the central core structure of the A␤(10-35)-peptide, characterized by an LVFFA (17-21) hydrophobic cluster and VGSN (24-27) turn region, are stable in aqueous solution in both the WT and E22Q mutant sequences as observed in the NMR studies of Lee and coworkers (Lee et al. 1995; Zhang et al. 2000) . (2) The E22Q peptide is more flexible in solution, supporting an early hypothesis that the equilibrium structural fluctuations of the E22Q mutant peptide were larger than those of the WT peptide (Esler et al. 2000b) . (3) The peptide adopts predominantly helical-like structures and shows much weaker ␤-strand propensity in all trajectories. Stable helix is typically formed near the hydrophobic cluster region LVFFA (17-21). The peptide's C terminus also displays strong helical propensity AIIGL (30-34). There is no consistent pattern of ␤-strand flickering in the WT or E22Q mutant peptide. These observations are consistent with a recent study by Teplow and colleagues, who argue, based on CD spectra, that the formation of cross ␤-fibril structures may be preceded by helix formation (Kirkidatze et al. 2002) . Thus, the transition from the random coil to fiber involve the pathway RC ↔ Helix ↔ ␤. (4) Few direct side-chain interactions are observed between the LVFFA (17-21) and regions in the WT peptide. However, in both the WT and E22Q mutant peptides it is observed that the LVFFA cluster and VGSN turn region interact through intermitant hydrogen bonding (Massi et al. 2001; Massi and Straub 2001b) .
Our simulation results do not support the hypothesis that the Dutch E22Q mutation leads to a higher probability of formation of ␤-structure in the monomeric peptide in aqueous solution. A number of experimental studies have concluded that the Dutch mutant of the monomeric A␤-peptide undergoes structural transition to a ␤ form in aqueous solution (Miravalle et al. 2000; Sian et al. 2000) . Our results suggest that it is likely that those observations result from the formation of solvated oligomeric peptide clusters where the peptide's ␤ structure is stabilized by peptide-peptide interactions.
It is expected that the desolvation of the E22Q mutant peptide is significantly more favorable than that of the WT peptide (Massi and Straub 2001a, b) . As a result, it is possible that the increased activity of the E22Q mutant peptide is due to an increased rate of association and aggregation of the monomeric peptide in solution.
The invalidity of the assumption that E22Q has enhanced tendency to form ␤ structure, which we have established using all-atom molecular dynamics simulations, should be viewed with caution. Experimental studies show that ␤-hairpin can form in about 5 sec (Munoz et al. 1997) . All atom molecular dynamics simulations have shown that the time for forming ␤-turns in small peptides (like SYPFDV) is ∼1 nsec (Mohanty et al. 1997) . We expect that ␤-structures in A␤ peptides form is a small region that, perhaps, includes residues 16-22. The experimental results on hairpins and molecular dynamics simulations on small peptides indicate that such secondary structures are likely to be populated on timescales ranging from a few nanoseconds to about a microsecond. Because our simulation timescales are shorter, we cannot rule out the possibility that E22Q may exhibit a significant propensity for forming ␤-structures on much longer timescales than 1 nanosecond.
Materials and methods
The initial conditions for our simulations of the WT ␤(10-35)-NH 2 peptide and the E22Q mutant peptide were obtained from the NMR solution structure of Lee and coworkers (1995) derived from distance geometry calculations employing NMR-derived NOE restraints (Zhang et al. 2000) . The structure of the E22Q mutant was modeled from the WT structure. Currently, there is no NMRderived structure of the E22Q mutant peptide analogous to the structure of the WT A␤(10-35)-peptide congener. However, NMR measurements of H ␣ proton chemical shifts for the WT and E22Q mutant A␤(10-35)-peptides are consistent with a structure of the E22Q mutant that is indistinguishable from the known collapsedcoil structure of the WT peptide (Zhang 1999) .
The E22Q Dutch mutant peptide congener is depicted in Figure  5 The dominant structural motifs in the peptide are the hydrophobic cluster LVFFA 17-21 segment (red), the turn 24-27 VGSN segment (yellow), and the glutamine residue Q22 that is positioned at the interface between the hydrophobic cluster and turn regions.
We chose a fragment of the A␤-peptide because fibril formation with enhanced ␤-sheet content does not require the full length chain. The local propensity for ␤-flickering can be examined using A␤-peptide fragments. However, the mechanism of conversion from a random coil to fiber and the resulting morphology might depend on the length of the peptide.
Simulation model and protocol
For the fully solvated WT and mutant peptides, four independent one-nanosecond trajectories were simulated. Each trajectory originated from one of a set of four initial peptide structures that were chosen from two families of conformers characterized by variations in their C-terminal regions. The initial structures resulted from the work of Lee and coworkers (1995) who used a combination of distance geometry refinement and molecular dynamics annealing/minimization procedures employing experimentally derived NOE restraints (Zhang 1999; Zhang et al. 2000; Massi et al. 2001) . The core regions of the peptide, including the LVFFA and VGSN substructures, were largely similar in the four starting configurations. However, outside of that core structure there was significant disorder in the N-and C-terminal regions of the peptide due to the small number of experimentally derived restraints in those regions.
The simulation protocol, summarized below, has been described elsewhere in detail (Massi et al. 2001; Massi and Straub 2001b) . For the simulations of the WT and mutant peptides, the solute was centered in a rhombic dodecahedron cell that was carved from a cubic box of 50 Å on a side and then filled with 2113 water molecules. Periodic boundary conditions were applied to avoid edge effects. The energetics of the A␤ peptide in water was simulated using the version 22 potential energy function of the CHARMM program (Mackerell et al. 1998) . Nonbonded interactions were truncated at 12 Å and Ewald summation was used to evaluate the electrostatic interactions. SHAKE was employed to constrain bonds involving hydrogen atoms to their equilibrium values. A time step of integration of 2 fsec was employed in the Verlet algorithm in the CHARMM program (Brooks et al. 1983) . After the equilibration period of 200 psec, a production run of 1 nsec was completed with an average temperature of 300 K. Every 200 fsec, coordinates and energetic data were collected.
The local secondary structure of the WT and E22Q mutant peptides was analyzed through comparison with structural templates and direct measurement of local torsional angle fluctuations. The formation of contacts between side chains, proposed to play an 
Peptide substructural comparison-contact analysis
The conformational analysis of our trajectories generated for A␤(10-35)-NH 2 peptide has been performed by first mapping the all-atom structure of the peptide onto a coarse-grained model. Instead of considering the peptide in all-atom detail, we retained only the positions of C ␣ carbons in the backbone and replaced the side chains of amino acids with the positions of their centers of mass. This reduced the 26-mer peptide to a system of 52 interaction sites. Using these trajectories, we calculated several conformational quantities by making several assumptions.
We assumed that the contact between a pair of side chains was formed if their centers of mass were less than 5.2 Å apart. This allowed us to calculate the contact map C ij , in which C ij ‫ס‬ 1, if the contact between residues i and j is "on," and is 0 otherwise. The total number of contacts between amino acids was, therefore,
The energy of a conformation E p was calculated using the contact map and the contact potentials derived from the statistical analysis of PDB structures. In particular, the contact interactions B ij taken from the Table 3 of Kolinski et al. (KGS; Kolinski et al. 1993) were used. Thus,
To examine the balance between local and nonlocal interactions (contacts) along simulated trajectories, we have calculated the contact order
where |i − j| is the distance along the sequence between residues i and j, N is the number of amino acids (26), and C is the number of amino acid contacts in a given structure. To reduce the structural fluctuations, we applied cluster analysis based on the pattern recognition method (Klimov and Thirumalai 1998) . The idea of this approach is to group together structurally similar conformations sampled along a trajectory and compute an average conformation corresponding to each cluster. Each conformation is described by the vector composed of the distances between all pairs of side chains, which are at least three residues apart. In other words, we only monitored the formation of contacts between side chains. To group conformations into a cluster, we used the conformation distance cutoff of 7 Å.
The clustering is meaningful only when 1 Ӷ N cl Ӷ N conf where N cl is the number of clusters and N conf is the number of conformations for a given trajectory. On average, the ratio N conf /N cl is ∼4.4. We assume that a given pair of side chains forms a contact if the distance between them in a cluster (average structure) is less than the cutoff contact distance of 6 Å. Both cutoff distances can be varied within a certain interval without any qualitative changes in the results.
Using the representation of trajectories as a series of clusters we obtained the probabilities of occurrence for all topologically possible contacts P q (q ‫ס‬ 1,..,276) as time averages over each trajectory. (Index q corresponds to a unique pair of residues i,j, for which |i − j| Ն 3. In all, there are 276 such pairs for the 26-mer peptide.) The results allowed us to identify the most probable contacts sampled by the peptide during the course of our simulations.
The secondary structure formation was further probed using the measures n H and n S , which are the numbers of dihedral angles in helical and ␤-strand positions, respectively. To this end, we assumed that a dihedral angle, i , adopts a helical conformation if | i − 60°| Յ 30°. The dihedral angle is said to adopt ␤-strand structure when | i − 180°| Յ 30°.
Peptide substructural comparison-URMS calculations
Peptide substructural comparison was performed using the URMS method developed by Elber and coworkers (Kedem et al. 1999) . The difference vector for each pair of C ␣ atoms along the peptide chain was computed for each stored configuration and used to define a unit difference vector. The resulting unit vectors were given a common origin so as to map the geometry of the peptide backbone onto a unit sphere. This was done for all the configurations stored from the simulation. One particular snapshot configuration was then chosen to be the template for comparison (see Fig.  6 ). The comparison was carried out in two steps: (1) the ith configuration was rotated to minimize the sum of the squared distances between the unit vectors of the snapshot configuration and the unit vectors of the template configuration; (2) the URMS difference was set equal to the square root of the minimum of that mean squared sum.
In the URMS analysis performed in this work, the templates for ␣ or ␤ structure were composed of four C ␣ atoms each. When the value of the URMS is near 0, there is a strong similarity between the instantaneous and template structures. When the URMS is as large as 1 to 1.4, there is less similarity. 
